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Abstract 
 
The effect of boron and/or carbon additions on the microstructure and properties of sintered manganese steels was investigated. These 
steels were produced based on following powders: pre-alloyed Astaloy CrL and ferromanganese. Sintering was carried out at 1150
oC and 
1250
oC in hydrogen atmosphere. The density, hardness and microstructure were investigated. The main objective of this work was to find 
correlation between sintering temperature and chemical composition of steel and theirs properties. It was shown that both alloying 
elements and sintering temperature influence the microstructure and properties of sintered manganese steels. When boron or graphite was 
added, density and also hardness of the Fe-Mn-Cr-Mo steels were increased. Significant change in hardness were related to changes in the 
microstructure. Boron has a beneficial effect on the densification process, due to faster and more efficient sintering kinetics. In general, it 
can be observed that by sintering at higher temperature the microstructure and properties were improved.  
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1. Introduction 
 
Powder metallurgy is an efficient and versatile method for 
manufacturing of parts, which are today used in a wide range of 
industries, e.g. automotive applications [1,2]. In PM technology 
near net shape components are produced by compacting powders 
and sintering. The advantages of the PM route are high 
productivity, low cost production, excellent geometrical precision, 
high dimensional accuracy, efficient use of material [1-3]. 
Manganese, chromium and molybdenum have been added in 
wrought steels for many decades. These alloy metals strongly 
affect hardenability and mechanical properties of steels [1,2].  
Manganese increases the strength and hardenability of steels. 
Furthermore manganese is an effective and cheap alloying 
element and so is used in wrought steels [4-7]. These features 
made possibilities of its use as an alloying element in sintered 
structural steels produced by powder metallurgy. On the other 
hand manganese has high affinity for oxygen and high 
thermodynamic stability of formed oxides. For these reasons, 
manganese has been initially avoided in ferrous powder 
metallurgy. Recently sintered steels alloyed with manganese and 
also molybdenum, chromium are gaining an increasing attention 
among many scientists [2-10].  
Nevertheless, industrial development of Mn steels faced some 
difficulties in production [2,4]. In this case, direct introduce 
manganese into powder mixture provides difficulties in sintering 
process. Namely high affinity of Mn for oxygen leads to the 
formation of continuous oxide networks during conventional 
sintering. In the case of sintering steels alloyed with manganese, 
gas phase transport plays an important role. Due to high vapour 
pressure at sintering temperature, Mn forms vapour which fills 
pores in compact. Mn condenses on surface of all particles and 
diffuses into inside. Part of Mn vapour escapes into surrounding 
atmosphere, where reacts with oxygen and water vapour also (in 
atmosphere). This way, manganese acts as a getter. This is 
‘selfcleaning effect’ of manganese, which enables sintering of 
manganese steels in an atmosphere of standard purity. It results in 
manganese loss in the compact, because Mn is partially 
evaporated during sintering [2-10].  
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The problem of oxide formation during production of sintered 
manganese steels can be overcome, if sintering process is carried 
out in atmosphere with very low dewpoint (e.g. -55°C at 1120°C 
for PM steel with 4% Mn) [2,4]. So, sintering of these steels 
requires very pure atmospheres. Besides, sintering temperature of 
>1200°C seem to be unavoidable. This requirement is difficult to 
maintain in industrial conditions. For these reasons, the better 
solution seems to be use of semiclosed container/getter 
combinations to control ‘local microclimate’ being in contact with 
the specimen during sintering [4,9]. 
From industrial viewpoint, use of ferromanganese powder 
instead of elemental manganese powder should be more effective 
way to avoid oxidizing problem [2-5]. This is because of more 
homogeneous distribution of this element in a shorter time. 
Additionally, thermodynamic activity of ferromanganese is 
reduced. Besides master alloy additions are generally cheaper that 
elemental additions. However compressibility of powder mixtures 
containing ferromanganese is lower.  
Boron, as carbon, is a hardenability-enhancing element in cast 
and wrought steels [11]. In sintered materials, boron is introduced 
as sintering activator [11-14]. Boron has all the features of an 
ideal sintering enhancer for ferrous systems, as demonstrated by 
the qualitative theories of enhanced sintering [14]. During 
sintering, B promotes the formation of liquid phase, resulting in 
faster and more efficient sintering kinetics. This way, boron 
addition allows to obtain higher sintered densities and rounded 
pores and better mechanical properties. 
The present paper is focused on the structure, physical and 
mechanical properties of sintered manganese steels with carbon 
and/or boron additions. The objective of this work is to define the 
effect of mentioned above additions and also to find correlation 
between sintering temperature and chemical composition of 
sintered steels and theirs properties. 
 
 
2. Experimental procedure 
 
Högänas water atomized prealloyed Astaloy CrL powder 
(containing 1,5 wt.% Cr and 0,2 wt.% Mo) was used for this 
investigation. Carbon was introduced as fine graphite powder, 
manganese as ferromanganese (80,4 wt.% Mn, 16,95 wt.% Fe, 
1,14 wt.% Si, 1,36 wt.% C and 0,15 wt.% P) and boron as 
elemental boron powder. The following powder mixtures were 
prepared by mixing: 
  Astaloy CrL + 3 wt. % Mn, 
  Astaloy CrL + 3 wt. % Mn + 0,2 wt. % B, 
  Astaloy CrL + 3 wt. % Mn + 0,3 wt. % C, 
  Astaloy CrL + 3 wt. % Mn + 0,2 wt. % B + 0,3 wt. % C. 
These mixtures were uniaxially compacted at pressing 
pressure of 600 MPa with die wall lubrication into specimens of 
size ∅20×5 mm
3. These specimens were used for sintered density, 
hardness, microstructure and microhardness investigations. 
Sintering was carried out at 1150°C and 1250°C in a laboratory 
furnace under pure dry hydrogen with dew point below -40°C. 
The heating rate to reach the sintering temperature was 10°C/min. 
The time for isothermal sintering was 30 minutes. The cooling 
rate from sintering temperature was also 10°C/min. 
The density and porosity were measured by the water-
displacement method (according to demands of PN-EN ISO 
2738:2001 norm). The hardness were carried out by means of 
Rockwell hardness tester (HRB). The samples for metallographic 
investigation were prepared and etched in Nital. The observation 
of microstructure was carried out on optical and scanning electron 
microscopes JSM5510LV equipped with EDS. Microhardness 
HV0,01(10s) was measured by means of FM 700 E 
Microhardness Tester.  
 
 
3. Results and discussion 
 
The results of density as well as relative density 
measurements of sintered Astaloy CrL alloyed with 3 wt. % 
manganese, depending on sintering temperature and alloying 
additions, are presented in Fig. 1 and 2, respectively.  
 
 
Fig. 1. The influence of sintering temp. and alloying additions on 
density of sintered Astaloy CrL alloyed with 3 wt. % Mn 
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Fig. 2. The influence of sintering temp. and alloying additions on 
relative density of sintered Astaloy CrL alloyed with 3 wt. % Mn 
 
From the presented results, it could be concluded that the 
increase sintering temperature favours densification of all 
investigated materials. According to the diagrams in Figs. 1-2, it 
can be shown that by additions of graphite as well as boron and 
use of higher sintering temperature, sintered densities of the 
samples are higher as compared with sintered Astaloy CrL 
alloyed with manganese. By alloying with boron and carbon 
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simultaneously, density and relative density are also improved, 
but not so significantly. When boron addition is introduced to 
powder mixture, at higher sintering temperature, relative density 
value of 89,3 % is achieved. Relative density of sintered Astaloy 
CrL alloyed with manganese and carbon is on the same level. 
In general, it can be stated that by sintering at higher 
temperature and use of alloying elements the physical properties 
of manganese steel are improved. 
The microstructures of the investigated materials are shown in 
Figs. 3–8. Microstructural investigation shows that chemical 
composition of powders mixture and sintering temperature have 
influence on microstructure formation of  experimental materials.
 
Fig. 3. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% manganese, sintering temperature 1250°C 
 
Fig. 4. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% manganese, sintering temperature 1250°C 
 
Fig. 5. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% manganese and 0,2 wt.% boron, sintering temperature 1250°C 
Fig. 6. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% Mn, 0,2 wt.% B and 0,3 wt.% C, sintering temperature 1250°C 
Fig. 7. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% Mn and 0,2 wt.% B, sintering temperature 1250 °C 
Fig. 8. Microstructure of sintered Astaloy CrL alloyed with 3 wt. 
% Mn, 0,2 wt.% B and 0,3 wt.% C, sintering temp.1150 °C 
Irregular and interconnected pore morphology is observed in the 
microstructure of sintered manganese steel (Fig. 3). This material  
has a heterogeneous microstructure, which consists of bainite and 
ferrite (Fig. 4). The microhardness of the ferritic grains is 130–
140 HV0,01. And the microhardness of the bainite grains is 
250–260 HV0,01. For the unalloyed sintered manganese steel, a 
trend was observed, wherein the percentage of bainite in the 
microstructure increased as sintering temperature increased. 
Pore morphology of the boron-alloyed manganese steel is 
strongly affected by the sintering temperature. For a lower  
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sintering temperature, it can be observed irregular and 
interconnected pores in microstructure, as in the case of pure 
manganese steel. Whereas after sintering at 1250°C, pore 
morphology of the boron-alloyed manganese steel is quite 
different than that for pure manganese steel. Boron activates the 
sintering process and influences the microstructure by closing up 
of pores (Fig. 5). On the other hand, the addition of graphite also 
improved the pore morphology, due to enhancement of the 
reduction of chromium oxides. Although the effect of pore   
roundness is not so distinctly visible. When boron and carbon 
were added (at higher sintering temperature), pores show the 
evident trend to growth and roundness (Fig. 6). 
When graphite was added, the microstructure can be 
described as a mixture of bainite and ferrite. Whereas, boron-
alloyed manganese steel has homogenous bainitic microstructure 
(Fig. 7) with microhardness between 250 and 350 HV0,01. It is 
also seen that simultaneously introduction of both additives 
resulted in bainitic–martensitic microstructure (Fig. 8). The 
microhardness for this sintered material ranges between 680 
HV0,01 (at 1150°C) and  600 HV0,01 (at 1250°C). 
Sintered Fe-Mn-Cr-Mo  steel without carbon and boron has 
hardness about 64 HRB. Higher hardness were obtained when at 
least one of addition (boron or carbon) was introduced to mixture 
powder. In fact, the greater improvement in hardness of 
investigated materials was received with additions of 0,3 wt. % C 
and 0,2 wt. % B simultaneously. Significant changes of hardness 
are related to changes in the microstructure, when alloying 
elements (C and/or B) are added to based material. For pure 
sintered manganese steel hardness increases as sintering 
temperature increases. While for all alloyed sintered steels, the 
effect of sintering temperature on the hardness shows the reverse 
trend, namely their hardness decreases with increasing 
temperature. 
 
 
4. Conclusions  
 
The presented results show that use of alloying elements 
(boron, carbon) has positive effect on properties of sintered Mn-
Cr-Mo steels. Significant influence on the properties has also 
sintering temperature.  
Boron is able to improve physical properties  of sintered 
manganese steel, when sintering is carried out at 1250 °C. Boron 
has a beneficial effect on the densification process, due to faster 
and more efficient sintering kinetics. When boron is added to Fe-
Mn-Cr-Mo system,  bainitic microstructure can be obtained 
directly from the sintering temperature without heat treatment. 
  The obtained data indicate that the addition of carbon to 
manganese steel leads also to good result for density and 
hardness.  
Received values of density and hardness of carbon-alloyed 
and boron-alloyed manganese steels are on the similar level. 
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